Abstract: Sleep deprivation (SD) is a common condition that afflicts many people in modern life. Deficits in daytime performance due to SD are experienced universally. Recent evidence indicates that SD causes impairments in cognitive functions. However, the mechanisms that SD impairs cognitive functions are not clear. This review will focus on the behavioral and neural effects of SD with the aim to elucidate the possible mechanisms of SD-induced deterioration in cognitive functions and to identify directions for future research.
Introduction
Sleep deprivation (SD) is a common condition that afflicts many people in modern life. It can interfere with cognitive abilities, motor performance, and emotional mood [1, 2] . There is still significant controversy regarding the function of sleep and many theories have been set forth. The idea that sleep is involved in learning and memory processes is gaining widespread acceptance. Deficits in daytime performance due to SD are experienced universally, which associated with a significant social, financial, and human cost. Military personnel of many professions, including health care workers, routinely participate in rotating shift work and serial night shifts, which often challenged their cognitive performances.
There are two types of SD, i.e. partial and total. Partial SD is defined as "a night of reduced or interrupted sleep". Total sleep deprivation (TSD) occurs when an individual gets no sleep during the normal sleep/wake cycle. For example, one or more nights of sleep are skipped. In the present article, we will review some experimental literatures on TSD, especially focus on the behavioral and neural effects of SD to elucidate the neurophysiological underpinnings of SD-induced deterioration in cognitive functions and to identify directions for future research.
Effects of TSD on cognitive functions
Applied and fundamental researches have identified the detrimental effects of SD on mood and cognitive performance. The cognitive functions that especially associate with right anterior hemisphere or subcortical areas, such as motor, rhythm, receptive and expressive speech, memory and complex verbal arithmetic function were decreased after TSD for 24 h [3] . And motor procedural, implicit memory and working memory were sensitive to one night of TSD [4] . Bocca ML et al. selected ten healthy young male subjects to assess the effect of one night SD on visuo-spatial attention. The results showed that the disengagement of attention was impaired but alertness was not altered by SD [5] . Adam M et al. found that vigilant attention was more impaired after one night without sleep in young men, which has important implications for the prevention of accidents associated with the loss of sleep [6] . Decision making which is one of cognitive tasks was vulnerable to sleep loss following 49.5 h of TSD [7] . And integrative executive function was significantly impaired after one night's SD [8] . Chronic SD is becoming common and affects millions of people, especially in certain professions, such as medicine. The negative effects of SD on the quality of patient care have been well studied. For example, in the randomized study of the SD effects in residency training, interns working in the "traditional schedule" made 36% more serious medical errors than interns did under the "intervention schedule" that included more sleep [9] . Another study demonstrated that traditionalschedule interns had more than twice the rate of attentional failures compared with the intervention-schedule interns [10] . Tsai LL et al. found that one night of TSD impaired both the error detection and error remedial actions, and highlighted the inability to avoid making errors again after erroneous responses [11] . A vicious cycle occurred between performance deterioration and impairment of error-remedial mechanisms, which inevitably led to making more successive errors.
Studies have been done on the occurrence of SD among military personnel. The performance decrements among sleepdeprived military personnel are significant. One night of SD tends to decrease cognitive performance by 30% to 40%, whereas two nights of SD can result in 60% to 70% declines in performance [12] . Recently, in order to improve understanding of performance deficits induced by SD, neuropsychophysiologic methods, such as quantitative electroencephalogram analysis and event-related potential (ERPs), have been used to examine brain functions. The latencies of P300 and N200 were significantly prolonged and their amplitudes decreased as a consequence of SD, which may slow down cognitive processing and decrease the efficiency of mental processing [13] .
More recently, it has been suggested that two subtypes of P300 should be distinguished, that is "novel P300" and "target P300". The novel P300 is thought to originate from the anterior cingulate cortex or the supplementary motor area and to be related to the detection of unexpected stimuli. The target P300, in contrast, is thought to reflect neural activity at the temporal-parietal junction and to be related to the detection of anticipated stimuli. Gosselin A et al. found that both novel and target P300 were reduced in amplitude after 36 h of waking, and that performance on attention-demanding tasks was deteriorated [14] . The authors concluded that SD affects the whole attentional network, consisting of several interconnected cortical regions.
Mechanisms of TSD effects on cognitive functions
Recent evidence indicates that SD causes impairments in behavioral performance and hippocampal long-term potentiation (LTP) in animals. However, the mechanisms that SD impairs long-term synaptic plasticity and cognitive function are not clear.
Changes of synaptic plasticity
Synaptic plasticity is believed to underlie memory formation, which may be the mechanism responsible for SD-induced cognitive impairments. LTP is induced by high-frequency stimulation that activates the NMDA receptors (NMDAR). Prolonged depolarization relieves a voltage-dependent Mg 2+ block from the channel and allows it to conduct. Ca 2+ influx through these channels is associated with the activation of a number of kinases [15] , which ultimately leads to the enhancement of postsynaptic responses through either AMPA receptors increasing at the synapse or the channel conductance enhancing [16] . It has been demonstrated that SD affected LTP of synaptic transmission in the hippocampus, an area crucial for encoding and storing memories [17] [18] [19] . However, the mechanisms that SD impairs LTP plasticity are not clear.
Recent studies have attempted to determine the mechanisms responsible for this impairment. McDermott CM et al. have found that 72 h of SD, a treatment that reduces LTP at the Schaffer collateral synapse, also reduced the NMDAR current at this synapse [20, 21] . This effect was associated with an increase of the NR1 and NR2A subunits in the intracellular pool, which indicated that SD resulted in a lower density of surface NMDAR. Chen C et al. have reported that 24 h of SD in mice resulted in impaired hippocampus-dependent contextual memory and LTP, and reduced expression of NMDAR subunit NR1 and NMDAR-mediated excitatory post-synaptic currents at hippocampal dentate granule cell synapses [22] . Guzman-Marin R et al. have gained the conclusion that 8 h and 48 h of SD resulted in a reduction in the expression of brain-derived neurotrophic factor (BDNF) and its protein levels, as well as synapsin I and calciumcalmodulin-dependent protein kinase II (CAMK II) in the hippocampus [23] . These genes are critical modulators of hippocampal-dependent learning and LTP. These observations may be responsible for the reduced ability to induce LTP after SD.
Davis CJ et al. have found that the lack of sleep severely hampered cortactin protein up-regulation and phosphorylation in the control group, suggesting a functional link between sleep and cytoskeletal reorganization in the hippocampus that is essential for synaptic plasticity [24] . This may be the potential mechanism underlying SD-induced LTP impairment.
Changes of neural network
Sites of deactivation were found in the posterior cerebellum, right fusiform gyrus and precuneus, and left lingual and inferior temporal gyri; increased activation was found in the bilateral insula, claustrum and right putamen after SD for 48 h [25] . The network whose expression decreased after SD was identified and correlated with memory performance. In particular, several studies have hinted the central role of the prefrontal cortex (PFC) in SD [9, 25, 26] . PFC is a neocortical region that supports a diverse and flexible repertoire of behavioral functions and develops into the most elaborateness in primates. It consists of a massive network, connecting perceptual, motor, and limbic regions within the brain [27] . Therefore, impaired attention and cognitive performance after SD were due to decreased brain activity and function in the PFC [28] . Similarly, the disrupted memory consolidation after SD indicated involvement of the hippocampus, a crucial structure involved in learning and the consolidation of newly learned materials. Recently, one research has found that sleep restriction in the rats impaired hippocampus dependent learning [29] .
Adult neurogenesis, the process of cells proliferating, surviving and differentiating into neurons, has been shown to occur in several species, including birds, rodents, nonhuman primates and humans. Both positive and negative factors affect neurogenesis. One study has been shown that prolonged (72 h) TSD suppressed cell proliferation in the granule cell layer of the hippocampus [30] . Hairston IS et al. extended this observation to a much milder sleep restriction paradigm and found that sleep restriction might affect survival and fate determination of newborn cells, which resulted in a net decrease in neurogenesis [29] .
3.3 Changes of metabolism SD can reduce regional cerebral metabolism within the PFC. After 24 h of continuous wakefulness, there was significant reduction in glucose metabolism within the PFC [28] . Neurons use not only glucose but also lactate as their energy substrate. The physiological response to elevated neuronal activity is a transient increase in lactate concentrations in the stimulated area. During SD for 40 h, the silent word generation test induced a 40% increase in lactate in the young subjects, but during the prolonged wakefulness period this response disappeared. In the aged subjects, the lactate response could not be detected even in the alert state [31] . The absence of the lactate response may be a sign of malfunction of normal brain energy metabolism. The behavioral effects of prolonged wakefulness and aging may arise from this dysfunction.
Mitochondria plays a significant role in maintaining the physiological functions of the brain. Dou W et al. concluded that SD, no matter mild or severe, could have adverse effects on cognitive function and cerebral mitochondrial respiratory function [32] .
Epilogue
SD studies repeatedly showed a negative impact on cognitive performance. Though several possible mechanisms that SD impairs cognitive functions are explored, it remains to be determined how SD affects cognitive function deeply and whether there are other mechanisms that play important roles in cognitive processing during SD. Also it is unknown whether or not the alteration in proteins related to cognitive function, such as calpacitins, maybe a novel target for intervention studies in future.
